The sequence of the 356 nucleotide residues of chrysanthemum stunt viroid (CSV) has been determined. Overlapping linear viroid fragments were obtained by partial ribonuclease digestion, radiolabelled in vitro at their 5'-ends, and sequenced using partial enzymic cleavage methods. Of the CSV sequence, 69% is contained in the published sequence of potato spindle tuber viroid (PSTV).
INTRODUCTION
The causative agent of chrysanthemum stunt disease is a member of the unique group of plant pathogens known as viroids of which only eight have been described so far (1,2). Together with the other members of this group, chrysanthemum stunt viroid (CSV) consists of a single-stranded covalently closed circular RNA species existing as a highly base-paired rod-like structure (3,4), which is infectious and is not encapsidated (3, 4) . No viroid has been shown to code for a protein product either in vivo (5) or in vitro (6,7).
The primary and secondary structure of only one viroid, potato spindle tuber viroid (PSTV), has been determined and it contains 359 residues (8). The biological properties of PSTV differ from those of CSV; for example, the host range of CSV is mostly confined to some species in the Compositae family whereas PSTV will replicate in species from a number of plant families (1,9). Ribonuclease fingerprinting has also shown that the primary sequence of PSTV differs significantly from that of CSV (10). However, cDNA-RNA hybridization techniques have indicated that at least 20% of the PSTV sequence is common to that of CSV (11) . It was of interest, therefore, to determine the complete primary and secondary structure of CSV and to determine the common features shared by these two viroids. Formamide gels.
MATERIALS AND METHODS
Some partial sequencing digests of viroid fragments were fractionated on polyacrylamide gels containing 98% formamide in order to eliminate band compression (19) arising from incomplete denaturation of the fragments during electrophoresis.
Partial digests were ethanol precipitated, resuspended in formamide-dye mix (see above), heated at 80°C for one minute, cooled on ice and loaded onto a 40 x 20 x 0.05 cm 20% polyacrylamide gel containing 98% formamide buffered with 16 mM Na 2 HPO 4 , 4 mM NaH 2 P0 4 (20) .
RESULTS

Preparation of 5'-32 P-Labelled Viroid Fragments for Sequencing
Partial digests of circular CSV were carried out with RNases T ] , U 2 and A under conditions of high salt concentration (600 mM NaCl, 10 mM MgCl 2 ) and at 0°C in order to l i m i t cleavage by the single-strand specific RNases to relatively few accessible sites on the highly base-paired RNA molecule.
The resulting viroid fragments were 5'-labelled in vitro with polynucleotide kinase and y-32 P-ATP and fractionated by size on a denaturing polyacrylamide gel; Fig. l(a) shows the gel pattern obtained for partial digests with RNases T ] , U 2 and A. Digestion with either of the single base specific RNases T] (G specific) or U 2 (A specific) gave rise to fewer fragments than digestion with the C and U specific RNase A. Sequencing of 5'-32 P-Labelled Viroid Fragments
The 5'-labelled fragments obtained by partial RNase digestion of CSV ( Fig. la) were excised, eluted and sequenced using the partial enzymic cleavage method as described under Materials and Methods.
An example of one sequencing gel is given in Fig. l ( b ) .
For some regions of the viroid molecule, sequencing was complicated by band compression (19) due to the presence of stable base-paired hairpin structures.
However, these band compressions could be eliminated by the use of sequencing gels which contained 98% formamide rather than 7 M urea in order to ensure complete denaturation of the RNA fragments. 
Primary Sequence and Secondary Structure of CSV The complete base sequence of CSV (Fig. 2) was assembled from sequence data of a large number of RNA fragments obtained from partial RNase digestion. The 356 residues are numbered according to the scheme of Gross et al. (8) for PSTV while the main overlapping sequences used for the primary structure determination are given in Fig. 2 .
A possible secondary structure model was constructed from the CSV sequence using the methods of Tinoco et al. (21, 22) and is compared with the published structure for PSTV (23) (Fig. 3) 
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of about 40 residues each containing only two small areas of horaology.
The postulated secondary structure model for CSV (Fig. 3) shows that the two main areas of homology each correspond to one base-paired end of the native molecule.
These are separated by the two regions of lesser horaology which are positioned almost exactly opposite each other in the native molecule and are predominantly base-paired.
Thus, the conservative arrangement and basepairing of such non-conserved regions in the primary sequence allows the CSV molecule to form a stable secondary structure similar to that of PSTV. Replication of CSV and PSTV Although the host ranges of PSTV and our isolate of CSV d i f f e r signif i c a n t l y (see Introduction), they do overlap in such plants as the composite Gynura aurantiaaa (1, 4, 24) .
I t is feasible that replication of the two viroids in these plants w i l l occur by similar mechanisms in view of their similarities in size and sequence.
Matthews (25) has suggested that translation of the putative negative strand of PSTV may give rise to polypeptide(s) functional in replication.
Possible translation products of both the positive and putative negative strands of CSV and PSTV are given in Fig. 4 .
I f there is read-through of the weak termination codon UGA then much longer products would be produced with more than one round of translation in the case of the PSTV positive strand and the CSV negative strand.
Whether or not UGA codons are translated, the major differences between the possible polypeptide translation products of CSV and PSTV suggest that neither viroid codes for proteins involved in their replication. This is consistent with the lack of evidence for any viroid translation in vivo (5) and in vitro (6, 7) .
On the other hand, the overall secondary structures of CSV and PSTV are conserved despite differences in sequence.
Thus, sequence and structural features common to both CSV and PSTV may play some role in the recognition by host enzymes which are capable of RNA-dependent RNA synthesis and are presumably responsible for viroid replication.
An example of such a conserved feature is situated at the centre of the native molecules in Fig. 3 (CSV residues 74-110, 247-284; PSTV residues 76-112, 247-284) and includes two relatively large single-stranded regions which are completely conserved between CSV and PSTV.
Also of interest are the stretches of purines (CSV residues 52-64; PSTV residues 49-65) and of uracil residues (CSV residues 291-297; PSTV residues 296-300).
We have also found similar sequences (unpublished) in the encapsidated v i r o i d -l i k e RNAs of Solcmum nodiflorum mottle virus and velvet tobacco mottle virus (26) (27) (28) and the avocado sun- In addition, their CSV isolate and the Columnea viroid had electrophoretic mobilities in a non-denaturing polyacrylamide gel which were markedly faster than that of PSTV, indicating appreciably different sizes and/or secondary structures. In contrast, our isolate of CSV has 69% sequence homology with PSTV (8), is only three residues shorter, and possesses-a similar secondary structure.
Overall, the data indicate that our isolate of CSV differs from the CSV isolates of Gross et al. (10) and Owens et al. (11) and from the Columnea viroid, and is more closely related to PSTV, even allowing for some errors in estimates of sequence homology determined by cDNA.RNA hybridization analysis (29, 30) .
It therefore appears likely that there exists a group of viroids, including PSTV, which share common sequences and possibly secondary structures, and which may be derived from a common ancestral viroid.
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